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Abstract  
1.  Introduction 
Polyacene (PLA), a molecule made of linearly combined fused benzene rings, is one of the well-known materials for 
fabricating semiconducting devices. The first four PLAs are naphthalene (NN), anthracene (AN), tetracene (TN), and 
pentacene (PN) which have number of benzene rings increase from two to five, respectively. Many experimental 
approaches focusing on TN and PN thin films have been made to increase conductivity and tune their ground states. In 
potassium (K) doped PN with the 1:1 stoichiometry, a Mott insulating state was suggested to understand the steep 
decrease of conductivity. On the other hand, in the hole doped I1PN, a thermal activation of localized spins was reported 
from the temperature dependence of spin susceptibility. This observation contradicts with the fact that the bandwidth of 
highest occupied molecular orbital (HOMO-) and LUMO-derived bands in PN are almost the same, theoretically 
indicating a similar ground state of both hole and electron doped PN. This controversy has not yet been settled and the 
debate still continues in this intriguing area of condensed matter physics. 
The quality of doped PLA which contains various metastable phases has been a serious obstacle for investigating the 
ground state of electron doped bulk materials. In order to understand their electronic states as well as to elucidate 
possibility of tuning the ground states of polycyclic aromatic hydrocarbon by doping, especially PLA, I first improved 
the quality of samples by employing a modified solid reaction process. Base on the high quality samples obtained using 
the improved methodology, I successfully investigate and interpret the ground states of electron doped PLAs. The 
ground states of electron doped PLAs, which exhibit small transfer integral and large on-site Coulomb repulsion energy, 
showed various bandwidths as well as doping levels. 
2.  Experiments 
The important reasons of the serious synthetic problems were the fact that the contacting area between K and PLAs was 
small and the reacted materials prevent simultaneously a various kind of reactions. In order to solve this problem, a 
mixture of a K ingot and AN with the target stoichiometry was pelletized and ground inside a glove-box (O2: 0.1 ppm 
and H2O: 0.5 ppm). These processes were repeated twice. The obtained homogeneous black powder was sealed in a 
tube filled with helium and annealed for two weeks. Alkali metal doped PLAs are air sensitive, and therefore synthesis 
and measurement processes have to carry out carefully. The features of pristine and intercalated materials were 
investigated by employing powder X-ray diffraction (XRD), Raman, and diffuse reflectance spectra. The magnetic 
susceptibilities were measured using a superconducting quantum interference device (SQUID) and electron spin 
resonance (ESR). 
3.  Results and discussion 
K1(PLA) and K2(PLA) prepared by employing the modified solid reaction processes, showed significantly different 
XRD profiles and temperature dependences of magnetic susceptibilities (χ(T)). The diffraction peaks of pristine AN 
were indexed well using the reported crystal structure. These distinguished diffraction profiles with larger d-values 
peaks indicate that K1(AN) and K2(AN) are the most stable phases in the K-intercalated AN system and the unit cells 
were expanded compared with that of pristine AN. In all materials with the nominal composition of 1:1, χ(T)s exhibited 
the paramagnetic susceptibilities. This clearly indicates that electrons are transferred from alkali metal to PLAs which 
were also observed from Raman and optical spectra. On the other hand, the magnetic susceptibilities of K2(AN), 
K2(TN), and K2(PN) are very small and are almost independent of temperature. This behavior is consistent with the 
 
concept of a simple band filling picture because the LUMO derived-band of parent PLA was fully filled by two 
electrons transferred from the K atoms. Thus, I have successfully demonstrated to tune the electronic states of typical 
organic semiconductors based on the band filling model. 
Intriguingly, χ(T)’s of K1(TN) and K1(PN) obey the Curie-Weiss law with small magnetization, whereas K1(NN) and 
K1(AN) show paramagnetic susceptibilities considerably large with pronounced humps. The magnetic behaviors of 
K1(TN) and K1(PN) can be interpreted in terms of a free electron model or a spin singlet state. The characteristics of 
free electrons, however, were not observed in neither ESR nor optical experiments. Therefore, the ground states of 
K1(TN) and K1(PN) can be concluded to the spin singlet states. On the other hand, the pronounced magnetic humps in 
K1(NN) and K1(AN) correspond to either thermal accessible spin states or antiferromagnetic (AF) states. When the ESR 
linewidth became narrower with decreasing temperature, triplet signal and characteristic of free electron were not 
observed. These observation suggest that K1(NN) and K1(AN) can be AF insulators. The magnetic ground state in 
K1(PLA) was successfully tuned by modulating the bandwidth of PLAs. In the K1(NN) and K1(AN) systems, it was 
difficult to find an accurate magnetic model due to the insufficient structural information. I temporarily employed an 
Ising model of AF spin chain, described by Bonner-Fisher with different finite numbers of spin per chain consisting of 
even (N1) and odd numbers (N2). The magnetic susceptibility is expressed by 

















where C1 and C2 correspond to the even and the odd spin numbers of chain length, respectively. Further investigations 
of modulating the AF energy were carried out by changing an intercalant element from K to Rb. Interestingly, the 
estimated J/kB decreased in Rb1(NN) whereas it was almost zero in Rb1(AN). These results indicate a strong effect of 
the ion size on the AF interactions, being consistent with the unit cell volumes extracted from the XRD data. 
4.  Conclusions 
I successfully synthesized K and Rb intercalated PLAs using a modified solid state reaction process. In general, electron 
doped organic materials show an insulating state instead of an itinerant electronic state due to the small bandwidth and 
the large on-site Coulomb repulsion energy. Different magnetic behaviors depending on the carrier doping level, based 
on a simple band filling model, were observed. In the half-filled, the electronic state of PLAs having small bandwidth 
exhibited an AF Mott insulating ground state and their AF energies were successfully tuned. The singlet insulating 
states in K1(TN) and K1(PN) are similar to the result of I doped PN although the singlet-triplet gap is much larger than 
the reported one. Thus, my thesis researches have demonstrated how one can accurately tune the electronic states and 
















































カリ金属インターカレション化合物の合成に成功した。そして、本手法を 1:1 の量論比を有する K1(PLA)に
適用する事により、ナフタレン及びアントラセンにおいては、その基底電子状態は電子間相互作用によるモ
ット絶縁体状態である事を明確に示す事に成功した。一方、テトラセンおよびペンタセンに対しては、同様
の 1:1 量論状態は、2 量体が形成された 1 重項状態が基底状態でありその上に 0.5eV 以上の十分に大き
なギャップが存在する熱励起 3 重項状態が存在する事を明確にした。これらの新しい知見は、従来の議論
に対して本質的な結論を与えるものである。Phan 氏は、このような結果を、これらの物質が空気中で不安





な高度の研究能力と学識を有することを示している。したがって、Quynh Thi Nhu Phan（クイン タイ ニュ
ー ファン）氏提出の博士論文は、博士（理学）の学位論文として合格と認める。 
 
 
 
 
 
 
 
 
 
 
 
